Giant dielectric dispersion, low dielectric loss, large dielectric constant $1000-1500 from 100 Hz to 100 kHz, and diffused dielectric anomaly near 570-630 K were observed in PZTNi30 thin films. These films show well saturated ferroelectric hysteresis, with large remanent polarization. It also illustrated excellent optical transparency which decreased from 82 to 72% with increasing film thickness from 5 nm to 400 nm for the probe wavelengths ranging from 200 to 1100 nm. A decrease in direct bandgap (E g ) values from 4 eV to 3.4 eV and indirect-E g values from 3.5 eV to 2.9 eV were observed for PZTNi30 thin films with increase in film thickness from 5 nm to 400 nm, respectively. The direct and indirect bandgaps were discussed in context of film thickness and grain size effects. Our investigations on optical properties of PZTNi30 thin films suggest that bandgap can be modified as a function of film thickness which may be useful for readers working to develop novel candidates for ferroelectric photovoltaic. V C 2015 AIP Publishing LLC.
I. INTRODUCTION
Ferroelectric (FE) materials have recently attracted extensive attention as promising candidates for use in photovoltaic devices and for coupling of light with other functional properties. [1] [2] [3] [4] The immense interest in optically active FE materials is due to the presence of strong spontaneous polarization which is necessary for ferroelectric photovoltaic currents, and control of photocurrents using the polarization direction. 5, 6 Breaking of inversion symmetry in FE materials develops desirable separation of photo-excited charge carriers and produces photo-voltage higher than the bandgap. 1, 3 Generally, metal/ferroelectric/metal device structures not only produce the photo-excited electron-hole pairs but also provide a polarization-induced internal electric field to separate the charge carriers. 3 In order to integrate ferroelectrics into suitable nanoscale devices, miniaturization is often necessary. With the continued quest for ferroelectric photovoltaic (PV) applications, it is becoming increasingly important to scale the dimension of ferroelectrics down to the nanometer-scale size and thorough understanding of miniaturization effects on the material properties. In general, ferroelectric materials are wide band gap insulators with low leakage currents. 1, 3, 7 The open circuit voltage (V oc ) of solar cell is typically limited by the bandgap of the material; hence, the tailoring of band gap of ferroelectric materials with doping of transition metal ions at B-site is a longstanding challenge. 4 Theoretically, it has been proposed that metallic defects, substitutions of transition metal ions can reduce the band gap of ferroelectric materials, which is a basic requirement for their applications as photovoltaic devices for complete solar spectrum. [8] [9] [10] The polarization of FE materials can also be tuned via strain-polarization coupling. Stained ferroelectric films exhibit polarization and dielectric values superior to the corresponding bulk counterpart. Various methods have been employed to develop strain in ferroelectric materials, such as by growing films on large lattice mismatched substrates, homogeneous distribution of defects/vacancies, and by doping of suitable ions into the bulk material. Depending on the substrate-film mismatch combination, either compressive or tensile strains can be introduced. These strains are capable to tilt the polarization vector from out-of-plane to in-plane. [11] [12] [13] Nanoscale FE films have shown considerable strain, either due to external strain via lattice mismatch or internal strain due to misfit dislocations/defects.
Recently, photovoltaic properties were observed in many perovskite ferroelectric materials, such as Pb(Zr 17 investigated the temperature variation of optical properties of ZnO thin films; they observed a decrease in band gap with increase of thickness, and they attributed this effect to the change in the stress induced by substrate in the ZnO layer. Pintilie et al. In what follows, we have systematically studied structural, dielectric, ferroelectric, and optical properties of Ni-substituted PZT in order to understand its functional properties. 18 Fig. 1(a) . The PZTNi30 and LSMO were grown at 600 C under an oxygen pressure of 80 mTorr using a laser density of $3 J/cm 2 and deposition frequency of 5 Hz. After deposition, the as-grown films were annealed in pure oxygen of 300 Torr for 30 min at 700 C and then cooled down to room temperature slowly. Similar conditions were employed for the thin films grown on ITO coated glass for the optical measurements.
The orientation and phase purity of these films were investigated at room temperature by X-ray diffraction (XRD) using CuK a radiation with wavelength of k ¼ 1.5405 Å . The elemental analysis of fabricated thin films was carried out by high resolution X-ray photoemission spectroscopy (XPS). Atomic force microscopy (AFM-Veeco) was used to examine surface morphology and surface roughness of these films in contact mode. Single frequency excitation piezo force microscopy (PFM) measurements were carried out with a Multimode Nanoscope (Veeco Instruments) in ambient conditions. The conductive tips were used from Bruker coated with Pt/Ir. The driving voltage was applied on the surface of the thin film. The resonance frequency of the material is found to be $360 kHz. The thicknesses of all films were measured using an XP-200 profilometer and filmetrics (F20). To investigate electrical properties, Pt square capacitors were fabricated by dc sputtering as top electrodes with an area of $10 À4 cm 2 utilizing a metal shadow mask. Frequency dependent dielectric and ferroelectric properties were measured using an HP4294A impedance analyzer and Radiant tester, respectively. Dielectric properties at different temperatures were measured using a MMR Technologies K-20 programmable temperature controller. In order to investigate optical properties of PZTNi30 films with different thickness deposited on ITO-coated glass, transmittance measurements were carried out via UV Visible spectrometer Lambda 2S.
III. RESULTS AND DISCUSSION
A. Structural and elemental characterizations Fig. 1(b) shows the X-ray diffraction (XRD) patterns of highly oriented PZTNi30 thin films of thickness 400 nm grown on LSMO/LAO (100) substrate recorded at room temperature (top). For comparison, the XRD patterns of LAO substrate (*), PZTNi30 (P30) on LAO substrate, and LSMO (a) on LAO substrate were also included in Fig. 1(b) . The h-2h scan suggests highly oriented films in the range 20 -60 , which consists of two major diffraction peaks that can be assigned to (100), (200) overlapping, see doted lines in Fig. 1(b) ]. Small amounts of PZTNi30 [(101)-6%, and (111)-2% of main peak] and Pt which was used as top electrode were also observed in the diffraction patterns. All these peaks correspond to perovskite phase with tetragonal crystal structure. [19] [20] [21] No diffraction peaks from lead-deficient pyrochlore phases were detected in these pattern, indicating phase purity without appearance of any additional peaks or intermediate phase. The shifting of (100) and (200) were seen in PZTNi30 grown on LAO substrate compared to PZTNi30 grown on LSMO/LAO. The slight shift of XRD pattern towards lower angles indicates a tensile strain of $0.2% along the LSMO/film interface. The strain (e) in these films due to lattice mismatch (or misfit) was calculated using the following equation:
where e is the lattice strain, a substrate is the lattice constant of the substrate, and a film is the lattice constant of the film. 22 If e > 0, films will experience in-plane tensile strain and out-ofplane compressive strain, and e < 0 films will experience in-plane compressive strain and out-of-plane tensile strain near the film-substrate interface. However, with increasing film thickness, film lattices relax to the original bulk lattice constants. Bulk LAO has a pseudocubic unit cell with a ¼ 3.790 Å , while bulk LSMO has a rhombohedral crystal structure with lattice parameter a ¼ 3.871 Å . 23, 24 We have already reported in our previous work that the PZTNi30 bulk shows a tetragonal structure with lattice constants a ¼ 3.9639 Å , c¼ 4.1279 Å , and tetragonality ratio (c/a) 1.041. 18 It was found that PZTNi30 on LAO and PZTNi30 on LAO/LSMO films experience in-plane compressive strain of À4.59% and À2.40%, respectively, near the interface.
To confirm the existence of Ni and its possible oxidation states, high-resolution X-ray Photoelectron spectroscopy (XPS) measurements have been carried out on PZTNi30 films of thickness 400 nm; the corresponding spectra are shown in Fig. 2 Fig. 2(a) . The systematic shifts of the spectra were corrected with the help of the carbon 1S (284.6 eV) line. Fig. 2(b) shows XPS experimental spectrum (open circle), fitted data (pink solid line), and Shirleytype background (orange solid circle) for Ni2p 3/2 , and its inset shows the Ni 2p signals at binding positions of 854.70 eV (Ni 2p 3/2 ) and 872.82 eV (Ni 2p 1/2 ) along with their associated satellite peaks of $879.09 eV (Ni 2p 1/2 ) and $861.03 eV (Ni 2p 3/2 ). The observed binding energy positions of Ni 2p have been observed to be shifted slightly towards higher binding energies; this might be due to a decrease of electron charge density on the ions. 25 The observed binding energy difference between Ni 2p doublet spectra, i.e., 2p 3/2 and 2p 1/2 , is found to be $18.12 eV, whereas the standard doublet separation is $18.4 eV for NiO and $17.4 eV for metallic Ni. 26 Thus, it seems that there is a clear presence of Ni-O bonding with possible occupation of Ni at the center of BO 6 octahedral. The Ni 2p 3/2 spectra have been deconvoluted into two clear peaks, which is due to the mixed valence states of Ni (þ2 and þ3).
The deconvoluted area ratio of Ni þ2 and Ni þ3 was found to be 96:4 from the Ni 2p 3/2 peak. Hence, metastable states of Ni þ2 /Ni þ3 ions were confirmed through XPS measurement.
B. Electrical characterization
In order to confirm the existence of ferroelectricity at nano-scale, the fabricated PZTNi30 films of thickness $400 nm were characterized by piezo response force microscopy at randomly selected areas. Fig. 3 shows a phase image of a LAO/LSMO/PZTNi30 film obtained after poling 4 Â 4 lm 2 area by þ9 V and then the central 2 Â 2 lm 2 area was poled by À9 V bias. Three types of polarization states were observed: as-grown unpoled outside area, positively biased area (þ9 V), and at the center a negative-biased area (À9 V). The brown region indicates the area that was poled with positive bias, and the white region indicates the area that was poled with negative electric field. A random polarization orientation was found in as-grown films, whereas polarizations could be switched easily with positive and negative bias. The frequency dependence of relative dielectric permittivity (e r ) and loss tangent (tan d) of PZTNi30 thin films with different thicknesses at room temperature are shown in Fig. 4(a) . The measurements were done with an oscillation level of 100 mV. Fig. 4(a) shows that the dielectric constant e r and the loss tan d increase from 200 to 1000 and 0.05 to 0.11, respectively, at 1 kHz when thickness of films increases from 100 to 400 nm. The decrease in dielectric constant with decrease of film thickness can be explained on the basis of extrinsic and intrinsic contributions to the dielectric properties in ferroelectric thin films. [27] [28] [29] The e r for all films is stable over a wide range of frequency <10
5 Hz and shows strong frequency dispersion with a substantial decrease above 10 5 Hz. The loss tangent is almost constant, <0.10, in the frequency range 10 2 to 10 4 Hz; above 10 4 Hz, a drastic increase was observed in loss tangent with increase of frequency. At high-frequency low dielectric constant and high loss may be due to semiconducting nature of the bottom electrode and its response to the probe frequency. 30 An improvement in dielectric constant was observed for Ni-substituted PZT thin films compared to pure PZT. 31, 32 The observed enhancement in dielectric constant may be due to the existence of large grains seen in surface morphology (micrograph shown in Fig. 3(a) ). 33 Relative permittivity as a function of temperature is the most common tool to observe phase transitions in ferroelectric materials. Fig. 4(b) presents the temperature dependent dielectric permittivity (e r ) plot of the PZTNi30 films of thickness 400 nm at various frequencies. A decrease in e r with increasing frequency is a signature of polar dielectrics. The e r increases gradually, exhibiting one sharp and a second broad peak around 430 K and 570-630 K, respectively. We attribute the sharp shoulder around 430 K to the ferromagneticparamagnetic phase transition of LSMO; a similar anomaly was observed by Dussan et al. 30 at around 400 K for PZT/ LSMO heterostructures. This transition is almost frequencyindependent. The second shoulder occurs around 570-630 K and is diffuse, which may be due to thermally excited charge carriers. These films do not show any ferroelectricparaelectric phase transition within experimental limits. The temperature dependence of tan d is depicted in the inset of Fig. 4(b) . The loss tangents were observed to be less than $0.55 in the whole frequency range. Broad peaks around 400 K relates to the ferromagnetic-paramagnetic phase transition of LSMO, and the second sharp peak around 600 K corresponds to thermally activated charge carriers.
The size of top electrodes influences the ferroelectric characteristics, so we have fabricated top electrodes of small area (0.0001 cm 2 ). The thickness-dependent polarizationelectric field (P-E) loops which directly show the ferroelectric behavior of PZTNi30 films at room temperature are depicted in Fig. 5(a) . A fundamental parameter of a ferroelectric is the absolute remanent polarization (P r ), which can be measured from the P-E loops by subtracting parasitic contributions such as linear capacitances and leakage currents. 34 Well-saturated P-E loops were observed for PZTNi30 films of different thickness at room temperature, shown in Fig. 5(a) . A slight increase in P r was also observed with increase of thickness. The values of P r for the PZTNi30 thin films were found in the range of 13-20 lC/cm 2 for different PZTNi30 film thickness. Sakashita et al. 35 have investigated thickness-dependent electrical properties in PZT thin films and observed gradual decreases in P r with decrease of film thickness, attributed to intrinsic stress. Figs. 5(b) and 5(c) present the frequency and voltage dependent P-E loops for PZTNi30 films of thickness 400 nm. The P r and the coercive field (E c ) were found to be $20 lC/cm 2 and 75 kV/cm at 5 kHz with maximum applied electric field. From Fig. 5(b) , we found gradual enhancement in spontaneous polarization (P s ), P r , and E c with an increase of electric field at frequency 5 kHz. There is no significant change in P r and E c with increase of frequency, as can be seen in Fig. 5(c) . A clear shift in P-E loops was seen towards the negative voltage side, which is due to high in-built electric field. The observed imprint behavior is due to different work functions of dissimilar top and bottom electrodes (Pt and LSMO) 36 or the presence of extra stress at the interface originating during high temperature annealing process. 33 It may also arise from space charge at the ferroelectric/electrode interface. 36 
Optical characterization
To further understand the effect of Ni-doping on bandgap of pure PZT, we analyzed the optical properties of PZTNi30 thin films. Transmission spectroscopy is a useful technique to evaluate the bandgap of the as-grown thin films. Fig. 6(a) shows the room temperature optical transmission spectra of the PZTNi30 films on Sn-doped In 2 O 3 (ITO)-coated glass for different thickness along with ITO/glass substrate, recorded in the wavelength range 200-1100 nm. In the visible wavelength region (400-800 nm), the films were found highly transparent with a transmittance between 60%-80%; this property is important since for photovoltaic applications transparent PZTNi is needed. The transmittance % for PZTNi30 thin films of different thickness at wavelength 600 nm are tabulated in Table I . From transmission spectra, we can identify two main characteristics: interference patterns and the absorption edge. The oscillations in the transmittance curve for PZTNi30 thin films are due to interference between the air-film and film-substrate interface. Oscillating transmittance spectra were observed for 200 nm and 400 nm films, suggesting that they have a flat surface and a uniform thickness. [37] [38] [39] It was also observed that the number of oscillations decreases with decrease of film thickness. Optical absorption edge was observed at wavelength $300-350 nm (see Fig. 6(b) ) for all films and substrate; with increasing film thickness, the absorption edge is shifted towards higher wavelength, as indicated by the arrow in the inset of Fig. 6(b) , which indicates a decrease in the bandgap of the films; this result is in agreement with previous reports. 40, 41 Fig . 6(c) shows the refractive index (n) and extinction coefficient (k) of the PZTNi30 thin films with thickness 200 and 400 nm as a function of wavelength. Calculation of n and k was not possible for thinner films (t < 200 nm) due to an insufficient number of oscillations in the transmittance spectra. The n and k values of PZTNi30 thin films have been determined from the transmittance spectra by using "envelope method" originally developed by Manifacier et al. 42, 43 Using this method, the value of n and k for an insulating film on a transparent substrate can be evaluated as summarized below: For
and
where n 0 and n 1 are the refractive index of air and substrate, respectively, the transmittance of the films can be described as T ¼
Here; C 1 ¼ ðn þ n 0 Þðn 1 þ nÞ; (5)
where
t and a are the thickness and absorption coefficient of the film, respectively. Thickness of the layer can be calculated using Equation (9), where M ¼ 1 for two consecutive maxima or minima. k 1 , n(k 1 ) and k 2 , n(k 2 ) are the corresponding wavelengths and indices of refraction, whereas the value of a can be calculated using Equation (10) .
The extreme values of the transmission are given by the formulae
After substituting the value of a in the following equation, we can evaluate the value of k:
In order to calculate these values, the transmittance maximum (T max ) and minimum (T min ) at a specific wavelength were identified from the envelope in the transmittance spectra of PZTNi30 thin films of thickness 200 and 400 nm shown in Fig. 6(a) . 42, 43 The calculated values of n were in the range of 2.17-2.43 and 2.11-2.34 for 200 and 400 nm respectively, similar to the values found for PZT thin films. [43] [44] [45] [46] The computed values of k were found in the range of 0.04-0.053 and 0.015-0.018 for 200 and 400 nm, respectively, which are comparable with the k value reported earlier for PZT thin films. 43, 45, 47 The n-values for both films decrease exponentially as the wavelength increases, which is consistent with previously reported behavior of PZT thin films. 43, 48, 49 However, very slight increase in n at higher wavelength were observed for 200 nm thin films. Higher n- values were observed for 200 nm compared to 400 nm PZTNi30 thin films, indicating the increase in refractive index with reduction of thickness. Hu et al. 48 observed the decreases in refractive index with increasing thickness in the wavelength range 2.5-11 lm for the BST films. Lappalainen et al. 49 found that the refractive index varied from 2.28 to 2.46 with the increase of mean grain size for Nd-doped PZT thin films. Increase in refractive index with the reduction of thickness for PZTNi30 thin films can be due to the increase in crystallinity and grain size. 48, 49 Monotonic decrease in the k values is seen for both films, especially for 400 nm, with the variation of wavelength matching well with the earlier reported behavior of PZT thin films. 43 The total optical loss caused by absorption and scattering Àk values is observed to be low for the PZTNi30 films of thickness 400 nm.
In order to study the effect of thickness on surface morphology of PZTNi30/ITO/glass films and to correlate it with optical properties, atomic force microscopy (AFM) measurements were carried out with regular contact mode over 2 Â 2 lm 2 areas for films of different thickness ranging from 5 nm to 400 nm, and ITO/glass substrate, as shown in Fig. 7 . The data revealed an evolution in the grain size with the variation of PZTNi30 film thickness, and the main features from AFM images can be summarized as follows: (i) PZTNi30 5-nm films on ITO/glass substrate have small grains compared with the other films; (ii) for 25-nm and 50-nm PZTNi30 films, the small grains start to agglomerate to form large grains; (iii) 100-nm films show clearly a large grain structure embedded with small grains with round shapes (see white arrows in enlarged grain in inset); (iv) 400-nm films present well-defined grain structure with distinct grain boundaries; (v) from Table I thin films by Li et al. 50 and Majumder et al., 43 respectively. The change in grain size with thickness may be due to (i) small grains coalesce into the larger grains as the thickness of the PZTNi30 increases, and (ii) high stress developed in the film due to the lattice mismatch between film and substrate.
In general, absorption coefficients (a) given in the equation below are related to the photon energy, derived from the Tauc relation 51, 52 ah ¼ Aðh À E g Þ n ;
where A is a constant corresponding to electron-hole mobility; h is the Planck constant; , the photon frequency; E g , the band gap; and n, a ratio which characterizes the type of optical transition in the material (n ¼ 2, 1/2, 2/3 or 1/3 corresponding to allowed direct, allowed indirect, forbidden direct, and forbidden indirect); and a is calculated using the equation given below
where d is the thickness of the film and T is its transmittance. covalent due to the complete Ni-O-Ni network and strong hybridization between Ni-d and O-p increases Ni-O bond covalency, resulting smaller E g . 1, [8] [9] [10] 18 The decrease of band gap by Ni-substitution in different materials has also been reported theoretically and experimentally by other research groups. [8] [9] [10] 53, 54 Here, the effect of thickness on E g is our central focus. A decrease was observed in direct-E g values from 4 eV to 3.4 eV and indirect-E g values from 3.5 eV to 2.9 eV as the thickness of the films increases from 5 nm to 400 nm. The values of direct/indirect E g are listed in Table I . The shift of absorption edge towards higher wavelength with increase of thickness reveals a shift of $0.6 eV for direct and indirect bandgap, respectively. Similar decreases in E g with increases of film thickness have been observed in Nd modified PZT. They attributed this increase in the E g value, to quantum size effect in nanocrystalline films, increase of volume ratio of amorphous grain boundaries and defects, or by reduction of the unit cell volume and atomic separation caused by strong residual compressive stress. 41 In another report, similar behavior was observed for B 3.25 Nd 0.85 Ti 3 O 12 , and it is explained by the quantum-size effect. 40 The increase in band gap with decreasing thickness have been reported in several previous studies. 55, 56 In general, E g values are very sensitive to: (i) grain size; 57, 58 (ii) disorder at the grain boundaries; 59 (iii) lattice parameters-lattice strain; 60, 61 (iv) chemical composition; 43 (v) thermal treatment; 41, 62, 63 (vi) quantum size effect and one-dimensional quantum confinement; 64 and (vii) carrier concentration. 60 In our case, the increase of E g with decrease of film thickness can be due to decrease in grain size observed from AFM images (see Fig. 7 ). The quantum size effect in nanocrystalline films, presence of large grain boundaries/defects and/or by reduced unit cell volume and atomic separation caused by strong residual compressive stress became prominent factors at low dimension systems which significantly modify the optical bandgap. In the present case, it increases with decrease in crystallite size and film thickness. 40, 41, 51, 52, [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] The other possibility may be the presence of many very small crystallites in these films which may behave like an amorphous phase and may contribute to the absorption spectrum, resulting in higher band gap. extensively studied. XPS studies revealed that Ni was present in both þ2 and þ3 valence states. Systematic correlations have been established among the dielectric, ferroelectric, optical properties, grain size, and film thickness. Significant reduction in direct and indirect bandgap energies are observed with the increase of film thickness. Our investigation on Nisubstituted PZT opens a path for modification of well known ferroelectrics by transition metals for possible ferroelectric photovoltaic and multifunctional applications.
